We developed and evaluated a method for the determination of g/L concentrations of individual arsenic species in urine samples. We have mainly studied arsenite [As(III)], arsenate [As(V)], monomethylarsonic acid (MMAA), and dimethylarsinic acid (DMAA) because these are the most commonly used biomarkers of exposure by the general population to inorganic arsenic and because of concerns over these arsenic species on their toxicity and carcinogenicity. We have also detected five unidentified urinary arsenic species resulting from the metabolism of arsenosugars. We combined ion pair liquid chromatography with on-line hydride generation and subsequent atomic fluorescence detection (HPLC/ HGAFS). Detection limits, determined as three times the standard deviation of the baseline noise, are 0.8, 1.2, 0.7, and 1.0 /L arsenic for arsenite, arsenate, MMAA, and DMAA, respectively. These correspond to 16, 24, 14, and 20 pg of arsenic, respectively, for a 20-L sample injected for analysis. The excellent detection limit enabled us to determine trace concentrations of arsenic species in urine samples from healthy subjects who did not have excess exposure to arsenic. There was no need for any sample pretreatment step. We used Standard Reference Materials, containing both normal and increased concentrations of arsenic, to validate the method. Interlaboratory studies with independent techniques also confirmed the results obtained with the HPLC/HGAFS method. We demonstrated an application of the method to the determination of arsenic species in urine samples after the ingestion of seaweed by four volunteers. We observed substantial increases of DMAA concentrations in the samples collected from the volunteers after the consumption of seaweed. The increase of urinary DMAA concentration is due to the metabolism of arsenosugars that are present in the seaweed. Our results suggest that the commonly used biomarkers of exposure to inorganic arsenic, based on the measurement of arsenite, arsenate, MMAA, and DMAA, are not reliable when arsenosugars are ingested from the diet.
Ingestion from food and water is the major route of exposure to arsenic by the general population [1] [2] [3] [4] . After ingestion, arsenic compounds can be readily absorbed through the gastrointestinal tract into the bloodstream [5] [6] [7] [8] . They are subsequently metabolized in the human body [9 -18] . Both parent arsenic compounds and their metabolites are further excreted into the urine [9 -24] . The extent of metabolism and excretion depends on chemical forms of arsenic ingested. Nonetheless, urinary excretion is the major pathway for the elimination of arsenic compounds from the body [9 -23] . Arsenic concentrations in urine have a short half-life and reflect recent exposure. Therefore, quantitative determination of arsenic species in human urine samples has been commonly used as a biomarker of recent exposure to arsenic. Arsenic in hair is a useful indicator for longer-term exposure because arsenic is believed to accumulate in hair and fingernails because of the high content of keratin.
Arsenite [As(III)], arsenate [As(V)], monomethylarsonic acid (MMAA), and dimethylarsinic acid (DMAA) are widely present in the natural environment [25] [26] [27] [28] [29] . 1 The toxicity varies dramatically with different chemical forms of arsenic; the median lethal dose (LD 50 ) values in rats for some arsenic compounds [29 -31] are (in mg/kg): potassium arsenite 14, calcium arsenate 20, MMAA 700 -1800, DMAA 700 -2600, and arsenobetaine Ͼ10 000. Therefore, it is essential to identify and quantify individual chemical forms of arsenic (i.e., chemical speciation) to assess health risks associated with arsenic exposure.
Although several analytical techniques, such as HPLC with inductively coupled plasma mass spectrometry (ICPMS) detection, are capable of quantifying arsenic species at g/L concentrations, these methods are expensive and consequently are not suitable for routine analysis of large numbers of samples.
Furthermore, ingestion of arsenic from all sources contributes to the urinary arsenic concentration. To obtain a reliable assessment of arsenic exposure from a particular source, e.g., drinking water, one must ensure that the ingestion of arsenic from other sources can be differentiated and confounding factors can be identified.
Most seafoods contain g/g (ppm) concentrations of arsenic, arsenobetaine being the major arsenic species in crustaceans and arsenosugars in seaweeds [26 -28, 32-34] . Both arsenobetaine and arsenosugars have been found in bivalves [35] [36] [37] . Other organoarsenicals, such as arsenocholine, tetramethylarsonium ion, trimethylarsine oxide, and trimethylarsine, have also been reported to be present in some seafoods at much lower concentations than arsenobetaine and arsenosugars [26] . The ingestion of seafood could cause a considerable increase in the urinary concentration of arsenic. Fortunately, arsenobetaine is very stable and is rapidly excreted unchanged into the urine. It is not metabolized in the body and it does not form an arsine with sodium borohydride with the conventional hydride generation method [38 -41] . Therefore, the ingestion of arsenobetaine and inorganic arsenic can be differentiated through the speciation of arsenic in urine.
Although the fate and behavior of arsenobetaine are well known, the metabolism of arsenosugars is not well understood and the effect of arsenosugar ingestion on urinary arsenic excretion is not widely recognized. Our previous studies have shown that arsenosugars were metabolized in the human body [18, 24] . The ingestion of arsenosugars from the diet and the excretion of metabolites may affect the use of urinary arsenic as an indicator of exposure to inorganic arsenic. The objectives of the present study are: (a) to develop simple and inexpensive techniques for arsenic speciation; (b) to apply the techniques to the determination of arsenic species in human urine samples after the ingestion of arsenosugar-containing seafood; and (c) to examine possible confounding factors in assessing inorganic arsenic exposure when arsenosugars are ingested from the diet.
Materials and Methods apparatus
For the speciation of individual arsenic compounds, we use HPLC separation followed by hydride generation and atomic fluorescence (HGAFS) detection. This combination takes advantages of both the separation power offered by HPLC and good sensitivity obtainable by using HGAFS. Our HPLC/HGAFS system is schematically shown in Fig. 1 . Effluent from the HPLC column directly meets at two T-joints, T1 and T2, with continuous flows of hydrochloric acid (A) and sodium borohydride (B) introduced by using a peristaltic pump.
Upon mixing the HPLC effluent and acid and borohydride solutions, hydride generation takes place. We used a 50-cm reaction coil (RC) (0.8 mm i.d.) to ensure a complete reaction. Hydride generated from the reaction is separated from liquid waste in the gas/liquid separator apparatus and carried by a continuous flow of argon carrier gas (Ar) to the atomic fluorescence detector (AFS).
We used a commercial AFS (Model Excalibur 10.003, P.S. Analytical) for the detection of arsenic. The AFS detector consisted of an excitation source, a hydrogen diffusion flame, fluorescence collection optics, and a photomultiplier tube (PMT) [42] . A boosted discharge arsenic hollow cathode lamp was used to excite arsenic atoms in the flame. Fluorescence radiation was collected at a right angle and detected with a solar blind PMT. An interference filter was used to reduce the background radiation. The hydrogen, produced as a hydride generation byproduct, was sufficient to maintain hydrogen diffusion flame. A Pentium computer with Varian Star Workstation ADC board and software was used to record and process signals from the AFS detector. A Hewlett Packard 3390A integrator with both peak area and peak height measurement capability was also used to record chromatograms.
A HPLC system consisted of a Gilson HPLC pump (Model 307) with a 5 mL/min stainless steel pump head, a Rheodyne 6-port sample injector (Model 7725i) with a 20-L sample loop, and a HPLC column. A reversedphase C18 column (250 ϫ 4.6 mm, 5-m particles) from Phenomenex was used for the separation. The analytical column and a guard column (30-mm long) packed with the same material were mounted inside a column heater (Model CH-30, Eppendorf) that was equipped with a temperature controller (Model TC-50, Eppendorf). Mobile phase was preheated to the temperature of the column by using a precolumn coil of 50-cm stainless steel capillary tubing, which was also placed inside the column heater. The temperature controller, according to the manufacturer, was able to provide a Ϯ0.1°C temperature stability and Ϯ1°C accuracy. Isocratic HPLC operation was performed under 1 mL/min flow rate. The detailed HPLC separation conditions are shown in Table 1 , method 1. For the determination of non-hydride-forming arsenic species, such as arsenosugars, we performed on-line microwave-assisted decomposition. We used a solution containing 0.1 mol/L potassium persulfate and 0.3 mol/L sodium hydroxide to decompose organoarsenicals to arsenate with the aid of microwave heating. The HPLC effluent (1 mL/min) and the decomposition reagent (4 mL/min) met at a T-joint. This solution mixture flowed through a polytetrafluoroethylene (PTFE) decomposition coil (3 m ϫ 0.5 mm i.d.) located in a continuously operating microwave oven (650 W, 2450 MHz, General Electronics), where the decomposition took place. The solution from the microwave oven then met the continuous flows of acid and borohydride at two T-joints. Arsines produced upon the hydride generation were detected with the AFS detector as described above.
Another HPLC system consisted of a Model 510 solvent delivery pump (Waters), a U6K injector (Waters), and a Hamilton PRP X-100 anion exchange column (250 mm ϫ 4.1 mm) or a GL Sciences Inertsil ODS-2 column (250 mm ϫ 4.6 mm). HPLC separation conditions are shown in Table 1 , methods 2 and 3. An ICPMS was used for HPLC detection as described elsewhere [23, 40] . Briefly, a VG PlasmaQuad 2 Turbo Plus ICPMS (VG Elemental, Fisons Instrument) equipped with a SX300 quadrupole mass analyzer, a standard ICP torch, and a conventional concentric nebulizer was used. The sampling position and ion lens voltages were optimized with respect to signal-to-noise ratio at m/z 75 by introducing a solution containing 30 g/L arsenite in 10 mL/L nitric acid. The quadrupole mass analyzer was operated in the single ion monitoring mode. The instrumental operating conditions are the same as described previously [18, 23, 40] . A PTFE tubing (20 cm ϫ 0.4 mm i.d.) with appropriate fittings was used to connect the outlet of the HPLC column directly to the inlet of the ICP nebulizer. Signals at m/z 75 were monitored with a multichannel analyzer and data were automatically transferred to and stored in the VG data system. Chromatograms were plotted on an Epson FX-850 printer.
reagents Deionized water from a Maxima ultrapure water system (Elga) was used for the preparation and dilution of all reagents, samples, and calibrators. Calibrator solutions of arsenite, arsenate, MMAA, and DMAA were prepared by appropriate dilution with deionized water from 1000 mg/L stock solutions, as described previously [18, 22, 39, 40] . Calibrator solutions containing Ͼ1 mg/L arsenic were stable for several months. Calibrator solutions containing Ͻ10 g/L arsenic were prepared fresh daily by serial dilution with deionized water from 1 mg/L arsenic calibrator solutions. Arsenic concentration in the stock solutions was calibrated against an atomic absorption arsenic calibrator solution containing 1000.0 mg/L arsenic (Aldrich) by using direct ICPMS analysis.
A Standard Reference Material, Toxic Metals in Freeze-Dried Urine SRM 2670, was obtained from NIST. The freeze-dried urine was reconstituted by the addition of 20.0 mL of deionized water as recommended by NIST. For two bottles containing normal concentrations of toxic metals, the concentration of arsenic is not certified and a reference value of 60 g/L has been provided for information. Two other bottles contained increased concentrations of toxic metals, which were prepared by adding toxic metals to human urine. The certified value for total arsenic concentration in the increased-concentration SRM is 480 Ϯ 100 g/L. The concentration and metabolite pattern in this SRM are different from those in urine samples from the general population. Thus, this SRM is not ideal for method validation purposes. However, in the absence of alternative suitable reference materials, we chose this SRM for the present study.
The reagents used in HPLC mobile phases, including tetrabutylammonium hydroxide, malonic acid, NaH 2 PO 4 , and Na 2 HPO 4 , were obtained from Aldrich. HPLC-grade methanol was from Fisher. These mobile-phase solutions were prepared in deionized water and filtered through a 0.45-m membrane before use. Sodium borohydride (Aldrich) solutions in 0.1 mol/L sodium hydroxide (Fisher) 
seaweed and urine samples
Commercial seaweed products, nori and yakinori, were purchased from a local supermarket in Edmonton, Canada. A subsample of the seaweed (2-5 g dry weight) was extracted by using a procedure similar to that described by Shibata and Morita [35] . The sample was weighed into a test tube to which was added 20 mL of a methanol:water mixture (1:1 by vol). The tube was sonicated for 20 min. After centrifugation, the extract was removed and placed in a 150-mL beaker. The extraction process with the aid of sonication was repeated a further four times. The extracts were combined in the beaker, evaporated to dryness, and the residue dissolved in 10 mL of deionized water. After filtration through a 0.45-m nylon membrane, the sample was subjected to HPLC/HGAFS analyses. Four volunteers (34-, 35-, and 62-year-old men and a 56-year-old woman) refrained from eating any seafood for at least 72 h before commencing the seaweed ingestion experiment. Each volunteer collected at least one urine sample during the 12-h period before the consumption of seaweed. These samples were used to determine the background concentration of arsenic species in the urine resulting from a regular diet that excluded any seafood.
The volunteers then consumed 10 g (dry weight) of yakinori in one meal. The time of this meal was referred to as time zero. Six hours later, each volunteer consumed another portion of 10 g of yakinori. All urine was completely collected in separate 500-mL polyethylene containers for three consecutive days. The volunteers did not eat any other seafood during the experiment period. The urine samples were stored at 4°C and were analyzed for arsenic speciation within 4 days.
First morning urine samples were also obtained from two other volunteers (34-and 41-year-old men) who refrained from eating any seafood for 72 h before the sampling.
The volunteers were aware of the experimental details and possible health effects concerning the ingestion of seaweed in this experiment. All procedures followed were in accordance with the ethical guidelines of the Research Ethics Board, Faculty of Medicine, University of Alberta.
determination of creatinine in urine samples
Creatinine in urine samples was determined by HPLC with UV/Vis absorption spectrophotometric detection, as described previously [23] . Urine samples were diluted 50 times with deionized water and a 10-L aliquot was injected onto a C18 column (Bondclone C18, 3.9 ϫ 300 mm, Phenomenex). Sodium acetate (50 mmol/L, pH 6.5) in 98:2 (by vol) water:acetonitrile was used as the mobile phase with a flow rate of 1.0 mL/min. A system consisting of a Dionex Gradient Pump DX300, a Waters 712 WISP Autosampler, and a Waters 484 Tunable Absorbance Detector was used. Absorbance at 254 nm was measured and peak area was used for the quantification of creatinine.
Results and Discussion detection limit and calibration
Figure 2 shows four chromatograms obtained from the HPLC/HGAFS analyses of 2, 10, 20, and 50 g/L arsenic species, respectively. Only 20 L of sample is injected for each analysis. Detection limits, defined as the analyte concentration that produces a chromatographic peak having a height equal to three times the standard deviation of the baseline noise [43, 44] , are 0.8, 1.2, 0.7, and 1.0 g/L arsenic for arsenite, arsenate, MMAA, and DMAA, respectively. These correspond to 16, 24, 14 , and 20 pg of arsenic, respectively, for a 20-L sample injected for analysis. These detection limits are comparable with those obtained by using the more expensive HPLC/ICPMS techniques [45] [46] [47] [48] [49] [50] . These excellent detection limits are A Phenomenex ODS-3 reversed-phase column (250 ϫ 4.6 mm, 5-m particle size) was used with a temperature maintained at 70°C. The mobile phase contained 5 mmol/L tetrabutylammonium chloride, 4 mmol/L malonic acid, and 50 mL/L methanol (pH 6.0), with a flow rate of 1.0 mL/min. HGAFS was used for detection (method 1).
achieved through the combination of AFS detection with hydride generation.
One of the most attractive features of fluorescence methods is their inherent high sensitivity. Detection limits on the order of a single molecule with laser-induced fluorescence detection for capillary electrophoresis have provided evidence for the excellent capability of fluorescence detection [51] [52] [53] . Despite the success of molecular fluorescence, AFS has not shown the same advantage. This has been primarily due to the interference effects that occur in AFS when real samples are analyzed. Light scattering and background due to sample matrix are major problems. However, these problems are solved by separating analytes of interest (arsenic in the present study) from sample matrix through a hydride generation process.
Hydride generation is a chemical derivatization process that produces volatile hydrides upon chemical treatment of a sample with a reducing agent, typically sodium borohydride. Hydride generation techniques coupled with atomic absorption, atomic emission, and mass spectrometry have found wide application in the determination of trace amounts of several elements, including arsenic. As an efficient sample introduction method, hydride generation enhances sensitivity normally by 10-to 100-fold over the more commonly used liquid sample nebulization procedure. Also, the analyte element can be separated from almost all other accompanying materials in the sample through the hydride generation process. Only gaseous hydrides are introduced to the detector and sample matrix is left in the liquid waste. Thus spectral and chemical interferences encountered in the detection system are essentially eliminated. This is particularly beneficial to AFS detection where the interference had previously been the major problem. Without scattering and background interference from sample matrix, the detection limit by using AFS is dramatically improved. Our results are consistent with those of Stockwell and Corns [42] , who have demonstrated that AFS detection improves the sensitivity by two orders of magnitude over absorption techniques.
The chromatograms shown in Fig. 2 also illustrate a linear increase of peak intensity with the increase of arsenic concentration. Calibration curves for each of the arsenic species, obtained from the determination of 0, 1, 2, 5, 10, 20, 50, 100, 150, and 200 g/L arsenic, are linear, with linear regression coefficients (r 2 ) of better than 0.99 for all four arsenic species. Furthermore, these chromatograms demonstrate the reproducibility of chromatographic retention time for each of the four arsenic species.
recovery and interference
The stability of retention time is essential to a reliable identification of analytes because the identity of chromatographic peaks is usually obtained by comparing the retention time of the analyte in the sample with those of the calibrators. We further confirm the peak identity by an analysis of the coinjected arsenic calibrator compound and the sample. Coelution of an analyte and the arsenic calibrator is evidence that the sample contains that arsenic compound. Figure 3 shows chromatograms from the HPLC/ HGAFS analysis of a urine sample (top) and the urine sample supplemented with 10 g/L each of the four target arsenic species (bottom). The identical retention time of arsenic species in the sample and in the calibrator solution suggests that the urine sample matrix does not cause interference on the chromatographic separation.
We also obtained the recovery of arsenic species by comparing the amount of arsenic added to the sample and the amount detected. We used this approach to check whether there was any interference with quantitative determination. The urine sample shown in Fig. 3 was obtained from a 35-year-old male volunteer who did not have excess exposure to arsenic. The concentration of arsenic species in this urine sample is: As(III) 2.6 g/L, DMAA 16.2 g/L, and MMAA 1.6 g/L. The recovery of the arsenic species that are added to the urine sample is in the range of 85-100%, indicating that there is no significant interference.
We have previously experienced that chromatography retention time of arsenic species in the sample may be different from that in calibrator solutions when a mobile phase is not suitable for ion pair chromatography. This can cause a problem in identifying analyte species, which is usually based on a match of retention time of the analyte with that of the calibrator. We found that appropriate buffer concentration and organic solvent are required in ion pair chromatographic separation of arsenic species. In addition to tetrabutylammonium ion pair reagent, we used malonic acid as a buffer and 50 mL/L methanol as an organic modifier. Using this mobile phase, we were able to analyze undiluted urine samples directly without interference from the sample matrix. Eliminating malonic acid or lowering the methanol concentration has resulted in interference from the urine sample matrix.
This mobile phase may not be suitable for HPLC techniques with ICPMS detection because of the high content of methanol. The incomplete combustion of organic solvent results in a blockage of the sampling cone of the interface between the inductively coupled plasma and the mass spectrometer [45, 46, 48] . This in turn leads to inaccurate measurement due to a downward drifting problem. Thus, only Ͻ1% of organic solvent is commonly used in ICPMS protocols. When this lower concentration of organic modifier is used in ion pair chromatography, interference from complex sample matrix can be a problem. Therefore, many HPLC/ICPMS techniques for arsenic speciation in urine require a dilution of urine samples before analysis. However, a dilution of sample is not desirable when the concentration of the analyte in the sample is already very low, usually approaching the detection limit. Our technique is not prone to interference and does not require the dilution of urine sample. Direct analysis of urine samples without dilution enables us to maintain a good detection limit of arsenic in actual urine samples.
srm
We use SRMs (from NIST) to validate our results and to eliminate any systematic errors. Urine SRM 2670 consists of two sets of urine samples, one containing an increased concentration of arsenic and the other containing a normal concentration of arsenic. The certified total arsenic concentration in the increased-concentration urine is 480 Ϯ 100 g/L. Arsenic in the normal-concentration urine is not certified; a reference value of 60 g/L has been provided by NIST for information. Our eight replicate analyses of these SRMs give arsenic concentrations of 460 Ϯ 10 and 56 Ϯ 3 g/L, respectively, which are in good agreement with the certified and reference values.
There is no certified value available from any of the SRMs on arsenic speciation. This is primarily because of a lack of analytical methods that could provide the necessary detection limit and specificity to quantify trace amounts of individual arsenic species. As a consequence, most published work on the speciation of arsenic in SRM 2670 have only dealt with the increased-concentration urine. Our HPLC/HGAFS method has an excellent detec-tion limit that is sufficient to determine MMAA and DMAA in the normal-concentration urine SRM. Fig. 4 shows chromatograms obtained from replicate HPLC/ HGAFS analyses of urine SRM 2670 (both normal concentration and increased concentration of arsenic). These results demonstrate that both the retention time and the intensity of the arsenic peaks are reproducible between replicate analyses. DMAA (48 Ϯ 2 g/L) and MMAA (7.4 Ϯ 0.7 g/L) are the only arsenic species present at detectable concentrations in the normal-concentration urine sample, and the ratio of these arsenic metabolites is 6.5:1 (DMAA:MMAA). Similar concentrations of DMAA (49 Ϯ 2 g/L) and MMAA (8.1 Ϯ 0.7 g/L) are also detected in the increased-concentration urine SRM, with a similar ratio of DMAA:MMAA (6:1) to that of the normalconcentration urine sample. A much higher concentration of As(V) (403 Ϯ 8 g/L) is also present in the increasedconcentration urine sample. This reflects the amount of As(V) added to the normal urine in the preparation of this SRM. The concentration of individual arsenic species from eight replicate determinations is summarized in Table 2 . The SRM containing normal concentrations of trace metals resembles typical human urine samples obtained from the general population that do not involve excess exposure to arsenic. These results clearly demonstrate the applicability of the method to the speciation of arsenic in urine samples from the general population.
interlaboratory comparison
Another laboratory has independently used anion-exchange chromatography with ICPMS detection to confirm the results obtained with HPLC/HGAFS. A typical chromatogram from the analysis of SRM 2670 urine containing the increased concentration of arsenic is shown in Fig. 5 . The order in which arsenic species are eluted off the anion exchange column (Fig. 5) is the same as those from a reversed-phase column (Fig. 4) . This is expected because we use tetrabutylammonium hydroxide as an anion pairing reagent in the mobile phase. The anion pairing process results in similar effects to anion exchange for the separation of the four arsenic species. The advantage of using ion pair chromatography compared with anion-exchange chromatography is that other neutral and cationic arsenic species can also be separated by ion pair chromatography [23, 24, 35, 45, 47] .
Consistent with HPLC/HGAFS results (Fig. 4) , the HPLC/ICPMS analysis (Fig. 5) of the SRM increasedconcentration urine sample also reveals the presence of DMAA, MMAA, and As(V), with As(V) being the major arsenic species in the sample. The concentration of these samples, obtained by the HPLC/ICPMS method, are 49 Ϯ 3 (DMAA), 7 Ϯ 1 (MMAA), 443 Ϯ 20 [As(V)], 15 Ϯ 3 (arsenobetaine), and 514 Ϯ 23 g/L (total arsenic). A difference from HPLC/HGAFS analysis is that the HPLC/ICPMS technique also detects arsenobetaine in the sample. The concentration of arsenobetaine detected is 15 Ϯ 3 g/L As, which is in good agreement with the value (11 Ϯ 3) determined by HPLC with electrospray mass spectrometry [54] . Arsenobetaine is a predominant arsenic species present in many marine organisms [26 -28] . Consumption of arsenobetaine-containing seafood results in the excretion of arsenobetaine into the urine.
Under the given mobile-phase conditions (pH 5.9 -6.0), arsenobetaine is present as a zwitterion [(CH 3 ) 3 As ϩ CH 2 COO Ϫ ] and arsenite is present as a neutral species [As(OH) 3 ]. These two species do not retain on the anion-exchange column and they coelute at the void volume.
Although anion-exchange chromatography with ICPMS detection is unable to differentiate arsenobetaine from As(III), the HPLC/HGAFS technique has the ability to differentiate these species by two different approaches. First, the ion pair chromatography used in the HPLC/ HGAFS technique is able to resolve arsenobetaine from arsenite [23, 24, 40] . Second, arsenobetaine does not form hydride and therefore is not detected directly. It can be detected by using an on-line microwave digestion procedure as we have described previously [24, 40] .
speciation of arsenic in urine samples
We have applied the HPLC/HGAFS technique to the determination of arsenic speciation in urine samples from six volunteers. The volunteers stopped eating any seafood for 3 days before collecting a first morning urine sample. The concentrations of arsenic species in these samples, obtained from eight replicate HPLC/HGAFS analyses, are summarized in Table 2 . DMAA is the major arsenic species in the urine samples from all volunteers, and the arsenic concentration in these samples is within the range reported by others for the general population. Our results demonstrate that the HPLC/HGAFS technique is capable of determining arsenic speciation in urine samples from the general population. Epidemiology studies involving a survey of larger numbers of urine samples from people who are exposed to different concentrations of arsenic may help to establish a dose/response relation for health risk assessment. urinary arsenic species after ingestion of arsenosugars Figure 6 shows chromatograms obtained from HPLC/ HGAFS analyses of a yakinori extract (a) and two urine samples collected from volunteer one (34-year-old man) 29 h after (b) and 15 h before (c) the consumption of yakinori, respectively. The seaweed preparation, yakinori, contains two arsenosugars (X and XI) as the major arsenic species (Fig. 6a ). After the consumption of 10 g (dry weight) of yakinori, the arsenosugars in the original yakinori are not detected in the urine samples. However, two new metabolites are found in the urine sample collected 20 -33 h after the ingestion of yakinori (Fig. 6b) . These metabolites are not found in urine samples collected before the ingestion of yakinori (Fig. 6c ).
We have further confirmed the metabolism of arsenosugars by HPLC/ICPMS analyses of urine samples collected from another volunteer (62-year-old man) before and after the ingestion of 9.5 g of a commercial seaweed product nori. HPLC/ICPMS analyses of an extract of the nori reveals that an arsenosugar (X) is the major arsenic species in the nori sample ( Fig. 7c ) and its content is approximately 21 g/g (dry weight). Other forms of arsenic in the nori are approximately 0.7 g/g (dry weight). Urine samples collected encompassing the ingestion of nori were analyzed for arsenic speciation. Chromatograms obtained from urine samples collected 13 h before ( Fig. 7a ) and 13.5 h after (Fig. 7b ) the volunteer ate 9.5 g of nori are compared with that of an extract of the nori (Fig. 7c ). It clearly shows that the arsenosugar is not present in the urine samples. Instead, five new arsenic compounds, at retention times of 5.7, 6.6, 8.2, 9.9, and 14.7 min, are present in the urine sample collected 13.5 h after the ingestion of nori (Fig. 7b ). These compounds do not correspond to the arsenosugar present in nori on the basis of their retention times (Fig. 7c ). The identity of these new metabolites from the arsenosugar are not yet clear. However, they are arsenic-containing compounds because the ICPMS and HGAFS were tuned to selectively detect arsenic. The retention times of these metabolites do not correspond to those of a dozen arsenic calibrators currently available to us. The chromatographic behavior of the metabolites is also significantly different from that of the original arsenosugar present in the seaweed. Coinjection of the urine sample and the seaweed extract onto HPLC for analysis showed that the metabolites were distinct from the original arsenosugar. The most commonly used biomarkers of exposure (or internal dose) to inorganic arsenic are based on the measurement of urinary arsenite, arsenate, MMAA, and DMAA because urinary excretion is the main pathway for the elimination of arsenic. These biomarkers have also been claimed to "exclude other ingested forms of arsenic which are much less toxic" [55] . However, this statement is valid only if "other ingested forms of arsenic" are not metabolized, such as arsenobetaine. Ingestion of arsenobetaine, which is the predominant arsenic species in crustacean seafood, results in urinary excretion of this species unmodified. The presence of arsenobetaine does not affect the determination of inorganic arsenic, MMAA, and DMAA when appropriate speciation techniques are used. Therefore, ingestion of crustacean seafood does not affect the validity of the traditional biomarker of exposure to inorganic arsenic.
However, in the case of the ingestion of arsenosugarcontaining food, arsenosugars are metabolized. It is important to determine whether the ingestion of arsenosugars affects the urinary concentration of arsenite, arsenate, MMAA, and DMAA. For this reason, we have determined the concentration of these four hydride-forming arsenic HGAFS with microwave digestion was used for detection (method 2). A Phenomenex ODS-3 column (4.6 ϫ 250 mm) was used for the separation, and the column temperature was 70°C. The two major arsenic species in the seaweed are two arsenosugars (X and XI). Peaks marked * are two new arsenic metabolites. Fig. 7 . HPLC/ICPMS chromatograms of a nori extract (c) and of urine samples from volunteer three (male, age 62 years) 13 h before (a) and 13.5 h after (b) the ingestion of 9.5 g of nori.
An Inertsil ODS-2 column (4.6 ϫ 250 mm) was used for the separation, under ambient temperature (method 4). The major arsenic species in the nori is an arsenosugar (X). Peaks marked * are five new arsenic metabolites. species in urine samples collected from four volunteers encompassing the ingestion of yakinori. The four volunteers (34-, 35-and 62-year-old men, and a 56-year-old woman) repeatedly ingested two portions (10 g each) of yakinori, and the urine samples collected for four consecutive days were analyzed for arsenic by flow injection analysis (FIA)/HGAFS. The time of the first ingestion was referred to as time zero, and the second ingestion was 6 h after the first ingestion. The concentrations of these arsenicals in urine, obtained by FIA/HGAFS, were normalized against urinary creatinine concentration and are shown in Fig. 8 . The relative concentration of arsenic over creatinine in the urine is a measure in which the uncertainty due to the volume change is taken into account. Therefore, the normalized results in Fig. 8 roughly illustrate the rate of excretion of the arsenic compounds. The excretion rate of arsenic after the ingestion of arsenosugars is much slower than that for the ingestion of arsenobetaine [18, 19, 22] . This is understandable because arsenobetaine is excreted unchanged [18] [19] [20] [21] [22] [23] , whereas arsenosugars are metabolized in the body. Figure 8 also demonstrates that urinary arsenic excretion patterns are different for the four individuals who ingested the same amounts of seaweed products. The reasons for this interindividual variability are not yet clear. However, we have observed the substantial increases of urinary arsenic concentrations after these volunteers ingested the seaweed, which contains two major arsenosugars (Fig. 6a) . These results imply that the use of urinary concentrations of arsenite, arsenate, MMAA, and DMAA as biomarkers to assess inorganic arsenic exposure is not valid when arsenosugar ingestion is also involved. Figure 9 shows chromatograms from the analyses of several urine samples collected from the four volunteers before and after the ingestion of the seaweed yakinori. DMAA is the major species in most of these urine samples collected after the consumption of seaweed. As much as 90 g/L DMAA is present in urine samples collected 26.5 h after volunteer two (35- year-old man) ingested 10 g of the seaweed yakinori, compared with Ͻ20 g/L in the samples collected before the ingestion. The seaweed products used do not contain high concentrations of DMAA ( Fig. 6a and Fig. 7c ). The increased concentration of DMAA in urine samples collected after the ingestion of seaweed is a result of the metabolism of arsenosugars.
Therefore, when arsenosugar-containing foods are ingested, the commonly used biomarkers of exposure to arsenic are not reliable. Arsenosugars are abundant in seaweeds, mussels, clams, and oysters [35] [36] [37] , which are common for human consumption. The ingestion of arsenosugars in the human diet will invalidate the use of the conventional biomarkers of exposure to inorganic arsenic. Arsenic species from seafood sources are usually eliminated from the body within 3 days after ingestion [18, 19, 23, 38] . For this reason, subjects should not eat any seafood for at least three days before urine samples are taken for the assessment of exposure to inorganic arsenic. In addition, speciation information of the metabolites may be useful as a potential marker of exposure to arsenosug- ars. If arsenosugar metabolites are present in a urine sample, any increased concentration of DMAA in the urine should not be attributed entirely to the exposure to inorganic arsenic. One needs to consider the possible contribution from arsenosugar metabolism to urinary DMAA concentration.
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